We investigate drag reduction due to the flow-induced reconfiguration of a flexible thin plate in presence of skin friction drag at low Reynolds Number. The plate is subjected to a uniform free stream and is tethered at one end. We extend existing models in the literature to account for the skin friction drag. The total drag on the plate with respect to a rigid upright plate decreases due to flow-induced reconfiguration and further reconfiguration increases the total drag due to increase in skin friction drag. A critical value of Cauchy number (Ca) exists at which the total drag on the plate with respect to a rigid upright plate is minimum at a given Reynolds number. The reconfigured shape of the plate for this condition is unique, beyond which the total drag increases on the plate even with reconfiguration. The ratio of the form drag coefficient for an upright rigid plate and skin drag coefficient for a horizontal rigid plate (λ) determines the critical Cauchy number (Cacr). We propose modification in the drag scaling with free stream velocity (Fx ∝ U n ) in presence of the skin friction drag. The following expressions of n are found for 0.01 ≤ Re ≤ 1, n = 4/5 + λ/5 for 1 ≤ Ca < Cacr and n = 1 + λ/5 for Cacr ≤ Ca ≤ 300, where Re is Reynolds number. We briefly discuss the combined effect of the skin friction drag and buoyancy on the drag reduction. An assessment of the feasibility of experiments is presented in order to translate the present model to physical systems.
Introduction
The interaction between flexible, thin structures and fluid flow has several applications in biology and engineering systems. Some of the examples include, flow-induced reconfiguration of flexible plants or aquatic vegetation for drag reduction [20, 3] , flapping and bending of flexible sheets for applications in energy harvesting and sails [17] , biolocomotion at microscale (e.g flagellum, cilia) [15] and bending of elastic fibers in microfluidics [12, 23] .
The classical form drag scaling (F ∝ U 2 ) of a flexible plant subjected to a free stream velocity was modified by Vogel [20] to account for the effect of streamlining to obtain F ∝ U 2+V , where V is the Vogel exponent. In a series of papers, Alben et al. [1, 2] combined theoretical and experimental methods for investigating the drag reduction of a compliant fiber tethered at its midpoint. In these studies, authors introduced the ratio of fluid kinetic energy to elastic potential energy, as a dimensionless parameter to quantify the drag reduction at large Reynolds number. They concluded that the drag force scales as F ∝ U 4/3 (V = −2/3), consistent with the inclusion of the Vogel exponent in the classical drag scaling. In the context of aquatic vegetation, the range of Vogel exponent is [−0.2, −1.2] in the reported measurements [4] . Zhu [21] used an immersed boundary method based two-dimensional viscous flow solver to model the experiments carried out by Alben et al. [1] . This numerical study showed U 2 and U 4/3 scaling at Reynolds number Re = 10 and Re = 800, respectively, where Re is Reynolds number based on the length of the fiber.
Gosselin et al. [5] presented a combined experimental and theoretical study for the drag reduction of a thin plate tethered at its midpoint and circular disk with cuts along the radius tethered at its center. The variation of measured drag with respect to a rigid upright plate (reconfiguration number) with Cauchy number (ratio of hydrodynamic loading to the restoring force due to stiffness) collapsed on a single curve and agreed well with the predictions of a model based on Euler-Bernoulli beam theory. They showed that the streamlining is more important at the onset of reconfiguration while the area reduction dominates at larger deformation. Luhar and Nepf [13] extended previous models [1, 5] and considered a flexible plate tethered at one end in presence of buoyancy. Their measurements of the drag force with varying flow velocities compare well with the theoretical predictions. In addition, this study [13] showed that the exponent a of the drag scaling, F ∝ U a , is lesser than 1 (a < 1) in presence of dominating buoyancy. Henriquez and Barrero-Gil [7] investigated the effect of sheared incoming inflow on the reconfiguration of the flexible plate and showed that the Vogel exponent strongly depends on the profile of the sheared flow. Leclercq and de Langre [11] developed a theoretical framework for finding the Vogel exponent of a flexible beam in the limit of large velocity flows. The model presented in this study [11] included non-uniformity in the flow as well as structural parameters. Authors concluded that the predicted Vogel exponent for large loading is around -1, which is consistent with previous experimental observations [4] .
Most of the previously-mentioned theoretical models on the drag reduction of the flexible thin structures considered large Reynolds number at which the skin friction drag is negligible. Recently, two studies considered the effect of sheared flow in presence of a wall [7, 11] , however, these studies did not consider the effect of the skin friction drag. To the best of our knowledge, the effect of the skin friction drag on a tethered thin structure subjected to a free stream at low Reynolds number is not reported thus far. To this end, the objective of the present work is to extend the model of Gosselin et al. [5] or Luhar and Nepf [13] to investigate the effect of the skin friction drag on a thin plate for a wide range of Reynolds number, 0.01 ≤ Re ≤ 10 8 . The layout of this paper is as follows. The mathematical model is presented in section 2, and the drag reduction due to the flow-induced reconfiguration is discussed in absence and presence of the skin friction drag in sections 3.1 and 3.2, respectively. A scaling analysis of the drag force in presence of the skin friction drag and a feasibility study of experiments are presented in sections 3.3 and 3.4, respectively.
Mathematical Model
We extend the model described by Luhar and Nepf [13] to account for the skin friction drag. The model presented by Luhar and Nepf [13] was built upon the works of Alben et al. [1] and Gosselin et al. [5] . We consider a thin, flexible, buoyant and inextensible plate in two-dimensional coordinates. The plate is tethered at one end and subjected to a uniform free stream (Fig. 1) . The length, width, and thickness of the plate are l, b and t respectively. The plate is considered very thin such that t l and t b. The following subsections present the details of the modeling and all symbols used in the paper are defined in Table 1 .
Governing equation and boundary conditions
As shown in Fig. 1 , we use a curvilinear axis attached to one end of the plate in which s is the distance from the base and θ is the angle between the plate and vertical at any given point. The tip of the plate is located at s = l. The form drag force per unit plate length at a curvilinear distance s on the plate is given by quadratic law [5, 13] ,
where ρ is the density of the fluid, C Dp is the form drag coefficient for an upright rigid plate mounted perpendicular to the free stream. U cosθ is the normal flow velocity to the plate at any point. Similarly, the skin friction drag force is represented using tangential velocity U sinθ at any point on the plate and is given by,
where C Ds is the skin friction drag coefficient for a rigid horizontal plate mounted parallel to the free stream. U sinθ is the flow velocity along the deformed beam at any point. Note that θ = 0 o and θ = 90 o at all points on the plate correspond to a rigid plate which is perpendicular and parallel to the direction of the free stream flow, respectively. The form drag force is the maximum in the former while the skin friction drag force is the maximum in the latter.
The buoyant force acts in the vertical direction at any point on the plate and its magnitude per unit plate length is expressed by [13] ,
where ρ b , b and t are plate density, width and thickness, respectively. We consider these forces for the region s ≥ s * shown in Fig. 1 , where s * is an arbitrary position along the plate. The hydrodynamic and buoyant forces are balanced by the restoring force acting at the curvilinear position s = s * , given by Euler-Bernoulli beam equation as follows,
where, V is the restoring force normal to the plate due to stiffness, E is Young's Modulus and I is second moment of inertia, I = bt 3 /12. On balancing the forces along a normal plane to the plate, the following governing equation is obtained,
On substituting expressions of f Dp , f Ds and f B in eq. 5 and further simplification with non-dimensionalization [13] result in the following governing equation:
The first, second, third and fourth term in the above equation represent rigidity, buoyancy, form drag and skin friction drag, respectively. Note that eq. 6 without skin friction drag was reported by Luhar and Nepf [13] . The non-dimensional parameter B represents the ratio of restoring force due to buoyancy and the restoring force produced by stiffness [13] and is given by,
EI
Cauchy number, Ca, represents the ratio of hydrodynamic force experienced to the restoring force produced by stiffness [13] and is expressed as follows,
and λ is the ratio of the skin friction drag coefficient for a rigid horizontal plate mounted parallel to the free stream to the form drag coefficient for an upright rigid plate mounted perpendicular to the free stream, defined as
The constant λ accounts for the effect of Reynolds number (Re) in the model. Re is based on the free stream velocity and length of the plate and is defined as follows,
where µ is dynamic viscosity. Note that Re and Ca are not entirely independent variables. Using eq. 8, eq. 10 and definition of I, the dependence of Ca on Re is expressed as follows,
where a r is aspect ratio of the plate (a r = l/t). Eq. 11 suggests that an increase in Re coincides with a larger increase in Ca for a given fluid, plate material and plate geometry. The following boundary conditions are prescribed [1, 5, 13] . The base of the plate is considered as fixed on one end, θ = 0 at s = 0. The tip of the plate is free i.e. dθ/ds= 0 at s = l.
Quantities for quantifying drag reduction
In order to quantify the drag reduction due to the reconfiguration, Gosselin et al. [5] defined reconfiguration number, which is the ratio of drag in a configured state to drag on a rigid plate mounted perpendicular to the flow direction. This variable was called as effective length, l e,p /l, by Luhar and Nepf [13] and is expressed as,
(1/2)ρbU 2 lC Dp = 1 0 cos 3 θdŝ whereŝ = s/l is non-dimensional coordinate along the plate length. The posture of the plate θ(s) is obtained by numerically solving eq. 6 and left hand side of eq. 10 is obtained using the calculated θ(s). Extending the definition of the effective length for the form drag [13] , we similarly define effective length for the skin friction drag with respect to the upright rigid plate, l e,s /l, as follows,
The overall effective length with respect to the vertical rigid plate is the sum of the contributions of the form drag and skin friction drag, given by eqs. 10 and 11, respectively, and is expressed as,
Therefore, l e /l represents total drag on the plate with respect to that on an upright rigid plate (mentioned as total relative drag hereafter). The percentage of form drag η p and skin friction drag η s in the total relative drag are defined respectively as follows:
The drag reduction due to the flow-induced reconfiguration is caused by area reduction and streamlining [3, 5, 13] . The former is given by [13] ,
The total effective length (eq. 12) is comprised of the area reduction (eq. 14) as well as streamlining. Therefore, the streamlining can be quantified by the following equation,
Numerical Methodology
Eq. (6) is discretized using a second-order central difference scheme and is solved by an iterative shooting method. Results of grid size convergence study are plotted in Fig In order to validate the current methodology, we compare present results with those of Luhar and Nepf [13] using same parameters as those used for the grid size convergence study. The comparison presented in Fig. 2 (b) is excellent and validates our model.
Simulation Setup
The simulations are carried out for a wide range of Reynolds number (Re) as well as Cauchy number (Ca). The range of Re and Ca considered in present work are [ Table 2 . The value of λ, ratio of drag coefficients (C Ds and C Dp ), at given Re is needed in the model. We estimate these drag coefficients using the expressions and data reported in the literature, described as follows. The skin friction drag coefficient, C Ds , is calculated using the following expressions reported in the literature [20, 19, 22] .
where S = 3.1954 -log(Re) and C Ds for Re ≤ 1 in eq. 16 was obtained using Oseen's equations in Ref. [19] . Eq. 18 includes a correction factor (2.3/Re) given in a perturbation theory [8, 22] for 1 < Re ≤ 100. The expression for Re ≥ 100 in eq. 18 is Blasius boundary layer solution for a flat plate. Fig. 3(a) plots the variation of C Ds with Re obtained using eq. 18 and the different cases of Re considered are shown as symbols in this figure.
The expression of the form drag coefficient C Dp for Re ≤ 1 is calculated using the following expression [19] ,
where S * = 2.1954 -log(Re). The values of C Dp for different Re cases falling within range of Re = [10, 10 8 ] are taken from Refs. [13, 20] and are listed in Table 2 . The variation of C Dp with Re obtained using eq. 19 and reported by Vogel [20] is plotted in Fig. 3(b) .
Results and Discussion
Results obtained by the model presented in section 2 are organized in this section as follows. First, the drag reduction in absence of skin friction drag is quantified in section 3.1. Second, the effect of the skin friction drag on the drag reduction is quantified and is discussed in section 3.2. Third, a scaling analysis of the effective length and drag force is presented in section 3.3. Finally, we present feasibility of experiments in section 3.4 which may help to translate the present model to physical systems. The limitations of the present model are discussed in section 3.5.
Drag reduction in absence of skin friction drag
The drag reduction due to the flow-induced configuration in absence of the skin friction drag is explained in the literature [1, 2, 5, 13] by two factors, namely, area reduction and streamlining. In the present paper, we quantify these two factors, expressing them as h/l (eq. 16) and l e,str /l (eq. 17), respectively, and the effective length (l e /l) is the sum of these two factors. We consider a plate with finite stiffness in absence of skin friction drag at large Reynolds number, Re = 10 8 (λ = 0). Fig. 4 plots the variation of h/l, l e,str /l and l e /l with respect to Cauchy number, Ca, for this case. For 0.001 < Ca < 1, the rigidity of the plate dominates the fluid loading and thereby the plate does not reconfigure along the flow direction. Therefore, there is a negligible reduction in the total relative drag. The leftmost inset on the top of Fig. 4 plots the shape of the plate for Ca = 0.06. For 1 < Ca < 26, h/l, l e,str /l and l e /l decrease with Ca and the flow-induced reconfiguration reduces drag on the plate due to the area reduction as well as streamlining. The plate gets streamlined along the flow due to the reconfiguration and the middle inset on the top of Fig. 4 plots the shape of the plate for Ca = 26.
For 26 < Ca < 10 4 , h/l decreases with Ca, showing further area reduction with Ca. On the other hand, l e,str /l starts increasing with Ca, demonstrating that the effect of the streamlining is decreasing to reducing the drag, as compared to that in case of 1 < Ca < 26. However, the magnitudes of h/l and l e,str /l at a given Ca are comparable, implying that the streamlining is equally important as area reduction in this range of Ca. The shape of the plate at Ca = 920 is plotted in the rightmost inset in Fig. 4 . Overall, the total relative drag (l e /l) for 1 < Ca < 10 4 decays with a power function of Ca (l e /l ∝ Ca −1/3 [13] ).
Effect of Skin Friction Drag

Limiting Cases
In a limiting case of a plate with very large stiffness (E → ∞, Ca → 0, where E is Young's Modulus), the skin friction drag is not important since θ = θ * = 0
• for s > 0 on the plate (Fig. 1) and last term in eq. 5 representing the skin friction drag is zero in this case. This case corresponds to an upright rigid plate to the direction of the flow. On the other hand, in the limiting case of a plate with zero stiffness (E → 0, Ca → ∞), form drag is not important since θ = θ * = 90
• for s > 0 and third term in eq. 5 representing the form drag is zero in this case. This case corresponds to a horizontal plate aligned in the direction of flow. In order to investigate the effect of the skin friction drag on the drag reduction, we consider a plate with finite stiffness at low Reynolds number, Re = 1. Fig. 5(a) plots the variation of the effective lengths, l e,p /l, l e,s /l and l e /l, that are given by eqs. 12, 13, 14, respectively, with respect to Cauchy number, Ca. As discussed in section 2.2, l e,p /l and l e,s /l are the contribution of the form drag and skin friction drag in the total relative drag, respectively, experienced by a flexible plate. The variation of l e /l in Fig. 5(a) shows that the total relative drag reduces for 1 < Ca < 27. This is due to the flow-induced reconfiguration, as explained in section 3.1. However, l e /l further increases for 27 < Ca < 10 3 , showing that the skin friction drag (l e,s /l) dominates over the form drag l e,p /l and the total relative drag starts increasing in this range of Ca. l e /l exhibits a minima at a critical Cauchy number (Ca cr = 27), and both l e,s /l and l e,p /l contribute to l e /l at Ca cr . The shape of the plate at Ca cr = 27 is shown in the middle inset on top of Fig. 5(a) . Therefore, there exists a critical Cauchy number Ca cr at which the total relative drag is minimum at a given Reynolds number and the configuration of the plate is unique. At larger Cauchy number, Ca > Ca cr , the plate undergoes flow-induced deformation, however, with an increase in the total relative drag due to dominating skin friction drag. The corresponding configuration of the plate at Ca = 920 is nearly horizontal and is shown in the rightmost inset in Fig. 5(a) .
In order to quantify the area reduction and streamlining for Re = 1, we plot the variation of h/l, l e,str /l and l e /l with respect to Cauchy number, Ca, in Fig. 5(b) . At critical Cauchy number (Ca = Ca cr ), the streamlining is negligible, l e,str /l ≈ 0 and l e /l ≈ h/l in Fig. 5(b) , that also follows from eq. 17. Therefore, the projected shape of an upright rigid plate at critical Cauchy number represents the total relative drag. For Ca > Ca cr , h/l and l e,str /l decreases and increases with Ca, respectively, and l e /l increases i.e. the total relative drag increases despite the area reduction due to the flow-induced reconfiguration. This implies that although the streamlining at Ca > Ca cr reduces the form drag yet it increases the skin friction drag. Consequently, the total relative drag increases due to the net effect of the streamlining at Ca > Ca cr .
Effect of Reynolds Number
In order to further understand the effect of Reynolds number (Re) on the drag reduction, simulations are performed with different cases of Re in the following range, 0.01 ≤ Re ≤ 10 8 . Fig. 6 compares the variation of effective length l e /l with Ca, obtained for several cases of Re. We note that the non-monotonic variation of l e /l with Ca at Re = 0.1 and 0.01 is similar to previously explained trend for Re = 1 in section 3.2.2. On the other hand, at larger Reynolds number, Re = 10, 100 and 1000, the total relative drag reduction behaves similar to that explained for Re = 10 8 in section 3.1. Thus, existence of the total relative minimal drag is function of Re (or specifically λ, eq. 9) and Ca.
The values of the critical Cauchy number (Ca cr ) corresponding to the total relative minimum drag for Re = 0.01, 0.1 and 1.0 are 15.6, 17.8 and 27.2, respectively. Therefore, Ca cr increases with increase in Re, as plotted in Fig 7(a) and the shapes of the plate at Ca = Ca cr and Re = 0.01, 0.1 and 1.0 are plotted in Fig 7(b) . The plate with larger Re shows larger bending due to larger Ca cr (or lesser stiffness of the plate). Besides showing the relative minimum drag, these configurations also correspond to negligible streamlining, as discussed in section 3.2.2.
For Re → 10 8 or λ → 0, a nearly horizontal plate (i.e. θ(s) → 90 o ) exhibits the total relative minimum drag, as shown in rightmost inset of Fig. 5(a) . This also follows from eq. 14 and for this case, Ca cr → ∞. The effective length in the limiting case of a plate with zero stiffness (E → 0, Ca → ∞) asymptotes to λ i.e. l e /l → λ, as followed from eq. 14 (since θ(s) → 90
• ). The computed values of l e /l at Ca → ∞ correspond to λ for all cases of Re in Fig. 6 .
The percentages of form drag η p and skin friction drag η s in the total relative drag (eq. 15) are plotted with respect to Ca for different cases of Re in Fig. 8 (a) and 8(b), respectively. Fig. 8 shows that the contribution of the form drag and skin friction drag increases and decreases with Re, respectively, at a given Ca. As expected, η p and η s decreases and increases with Ca, respectively, at a given Re. Fig. 8(b) shows that η s is larger than 80% for Re ≤ 10 for a wide range of Ca, confirming the importance of the skin friction drag at low Reynolds number during reconfiguration. Fig. 9 shows combined effect of the skin friction drag and buoyancy, and plots l e /l with Ca for four cases described as follows. First, we introduce buoyancy at low Re and plot l e /l for two cases, Re = 1, B = 0 and Re = 1, B = 50. Second, we introduce buoyancy at larger Re and plot l e /l for the next two cases, Re = 10 8 , B = 0 and Re = 10 8 , B = 50. Comparing l e /l for Re = 10 8 shows that a larger Ca is required in presence of buoyancy for achieving the same amount of drag reduction. This is due to the fact that buoyancy produces a counteracting moment on the plate. Similar characteristics of l e /l are noted at Re = 1 in Fig. 9 . The critical Cauchy number (Ca cr ) corresponding to the total relative minimum drag in presence of the skin friction drag is larger in presence of the buoyancy.
Effect of Buoyancy
Scaling analysis
It is well-established in the previous studies [1, 5, 13] that the drag force, F x , due to the reconfiguration in the absence of skin friction drag scales as, F x ∝ U 4/3 , where U is the free stream velocity and the effective length scales as, l e /l ∝ Ca −1/3 ∝ U −2/3 [13] . As plotted in Fig. 6 , variation of l e /l with Ca in the presence of the skin friction drag at 0.01 ≤ Re ≤ 1 is non-monotonic and therefore, we propose modified scaling laws for this range of Re. We present scaling for limiting cases and a plate with finite stiffness in the following subsections.
Limiting Cases
As discussed in section 3.2.1, the limiting case of a plate with very large stiffness (E → ∞, Ca → 0) corresponds to a upright and rigid plate, and therefore, the drag force scales as F x ∝ U 2 . On the other hand, in the limiting case of a plate with zero stiffness (E → 0, Ca → ∞), the plate is horizontal and aligned in the direction of the flow. In this case, drag force F x scales as (eq. 2), (20)
Our numerical results verifies the scaling obtained in eq. 20, described as follows. Since l e /l is the ratio of the drag force in the deformed configuration (F x ) to that for an upright rigid plate (ρC Dp bU 2 /2, eq. 1), we obtain scaling of F x in terms of l e /l and U as follows,
Since the effective length l e /l for the limiting case of zero stiffness (E → 0, Ca → ∞) scales as λ (section 3.2.3) and λ = C Ds /C Dp (eq. 9), eq. 21 is simplified as follows,
Thus, the scaling obtained in eq. 22 is consistent with eq. 20. Since C Dp ∝ U −0.85 for Re ≤ 1 (Fig. 3) , the drag force scales as, F x ∝ U 1.15 at Ca → ∞ and 0.01 ≤ Re ≤ 1.
Plate of Finite Stiffness
As discussed earlier, the effective length l e /l decreases and increases with Cauchy number Ca for Ca < Ca cr and Ca > Ca cr , respectively. In this section, we present scaling of l e /l with Ca for these two regimes of Ca for 0.01 ≤ Re ≤ 1. In order to obtain exponent m for l e /l ∝ Ca m , we fit linear profiles by least-squares method on log-log plot of l e /l and Ca and thereby obtaining the exponent m as slope of the linear fit. The profiles are fitted for 1 ≤ Ca ≤ Ca cr and Ca cr ≤ Ca ≤ 300, for the two regimes, respectively, as shown in Fig. 10 for Re = 0.01, 0.1 and 1. All fits are obtained with R 2 value of larger than 0.98 and values of m are shown for the fits in Fig. 10 .
In the first regime of Ca i.e. Ca < Ca cr , m is obtained as, m = -0.13, -0.14 and -0.16 for Re = 0.01, 0.1 and 1, respectively. m is further fitted as a linear function of λ as follows, m = −0.283 + 0.175λ, with R 2 = 0.99. Therefore, the scaling of l e /l is expressed as follows,
We obtain the following scaling of F x with U after substituting scaling of l e /l with Ca (eq. 23), C Dp with Re for 0.01 ≤ Re ≤ 1 (C Dp ∝ U −0.85 , Fig. 3(b) ) and Ca with U (Ca ∝ C Dp U 2 , eq. 8) in eq. 21.
Similarly, in the second regime Ca > Ca cr , m is obtained as, m = −0.083 + 0.175λ. In this regime, the following scaling of F x with U is obtained,
Comparison among drag force scaling in different cases
A comparison of exponent n obtained for drag force scaling, F x ∝ U n , among different cases, is presented in Fig. 11 using log-log plot of F x = kU n , where k is a constant, same in all cases. Fig. 11 compares only n for the different cases and therefore magnitude (or units) of F x and U are not mentioned in the figure. The insets show the corresponding plate configuration and scaling of the cases. The flow-induced reconfiguration without the skin friction drag at Re ≥ 100 reduces n to 1.33 as compared to classical drag scaling for an upright rigid plate (n = 2). The values of n for a horizontal plate obtained using Oseen equations (0.01 ≤ Re ≤ 1) and Blasius theory (Re ≥ 100) are 1.15 and 1.5, respectively and are compared in Fig. 11 .
In presence of the skin friction drag for the flexible plate at 0.01 ≤ Re ≤ 1, we approximate value of λ as λ ≈ 1 using data in Table 2 and we obtain n = 1 and n = 1.2 for Ca < Ca cr and Ca ≥ Ca cr , respectively. Therefore, the reconfiguration in presence of the skin friction drag results in the slowest increase (n ≈ 1) in the drag with velocity for Ca < Ca cr , as plotted in Fig. 11 . Beyond the critical value of Cauchy number, the drag increases faster (n = 1.2) and the increase is roughly same as for a horizontal plate (n = 1.15) at 0.01 ≤ Re ≤ 1.
Feasibility of Experiments
We assess feasibility of experiments which may help to verify the present model. We examine fluids of different dynamic viscosities (µ) -water (ρ = 1000 kg m 8 Pa) and steel (E = 2.2 × 10 11 Pa). In this context, Luhar and Nepf [13] reported experiments for the flow-induced reconfiguration of thin plates of silicone foam and HDPE in water at large Re. We estimate length of the plate at the lowest total relative drag at Re = 1, which occurs at Ca = Ca cr = 27, as discussed in section 3.2.2. Since the present model is valid for the thin plates, we consider a r = 100 and a r = 1000 for different combinations of the fluids and plate materials mentioned earlier.
The calculated plate lengths using eq. 11 at critical Ca are plotted in Fig. 12 and the largest plate length obtained is 2 m for glycerol with aspect ratio, a r = 1000 i.e. thickness of 2 mm. Fig. 12 shows that the plate length increases with aspect ratio as well as with dynamic viscosity. As mentioned earlier, the plate length in Fig. 12 corresponds to the lowest relative drag since it is based on Ca cr . A complete dataset of the calculated plate lengths and associated flow velocities are provided for a r = 100 and a r = 1000 in Table  3 and Table 4 , respectively, at Re = 1, Ca cr = 27. Overall, the datasets presented here may help to design the experiments to verify the present model.
Limitations of the model
The present model does not account for wake structures past the plate which may form due to vortex shedding at the tip of the plate [9, 18] and associated flow-induced vibrations (or flutter) of the plate [16] . However, the vortex shedding or flutter are absent at low Reynolds number at which the skin friction drag plays a crucial role in determining the drag reduction during flow-induced reconfiguration. For instance, flow-visualization around an elastic fiber reported by Wexler et al. [23] does not show vortex shedding at the tip of the fiber at Re ∼ O(10 −3 ). The present model does not consider waves in the background flow [14] as well as the interaction of such pulsatile flows with the thin plate [10] . Three-dimensional effects such as torsional deformation are also not captured by the two-dimensional model presented here [6] .
The extension of the plate due to the skin friction drag is ignored in the model and this assumption is valid for thin plates i.e. plates with larger aspect ratio (a r ). In order to quantify it, we estimate the maximum extensional strain ( ) due to the skin friction drag (shear stress), that is exhibited on the top and bottom surface of the horizontal plate. The shear force per unit plate length (f Ds ) is obtained using θ = 90 o in eq. 2. The extensional strain ( ) is therefore expressed as follows,
where G is shear modulus. Simplifying eq. 26 using eqs. 8 and 9, we obtain in terms of Ca as follows,
where Ca, ν, λ and a r are Cauchy number, Poisson ratio, ratio of drag coefficients (eq. 9) and aspect ratio of the plate, respectively. As discussed in section 3.2.2, the plate becomes almost flat at Ca ≈ 10 3 for Re = 1 (λ = 0.70). Using these values in eq. 27, the extensional strain calculated for an incompressible plate (ν = 0.49) for a r = 10, a r = 100 and a r = 1000 are around 0.17, 1.7 × 10 −4 and 1.7 × 10 −7 , respectively. At a r ≥ 21, the extensional strain is estimated as, ≤ 0.02 and therefore, the extension due to the shear force is lesser than 2% for a plate with aspect ratio larger than 21 and can be neglected in the model.
Conclusions
The present study investigates the drag reduction on a flexible, thin plate due to the flow-induced reconfiguration in presence of the skin friction drag. The plate is subjected to a free stream uniform flow and is tethered at one end. We extend a model based on Euler-Bernoulli beam theory, reported by Luhar and Nepf [13] , to account for the skin friction drag on the plate. In the present study, the range of the Reynolds number (Re) and Cauchy number (Ca) are [10 −2 , 10 8 ] and [10 −3 , 10 5 ], respectively. While the skin friction drag does not play any role for a limiting case of a plate with very large stiffness, Ca → 0, its influence on a plate with finite stiffness is a strong function of Ca and Re. The skin friction drag is found to be important at Ca ≥ 1 and 0.01 ≤ Re ≤ 1. In this range, the total drag on the plate with respect to a rigid upright plate (or total relative drag) decreases due to the flow-induced reconfiguration and further reconfiguration increases the total relative drag due to dominating skin friction drag. A critical Cauchy number (Ca cr ) exists at a given Reynolds number for the lowest relative drag, at which the plate reconfigures itself to a unique shape. Ca cr depends upon the ratio of the form drag coefficient for a upright rigid plate and the skin friction drag coefficient for a horizontal rigid plate (λ). In presence of buoyancy, Ca cr required for achieving the total relative minimum drag is larger.
The modifications in the drag force scaling with free stream velocity (F x ∝ U n ) in the presence of the skin friction drag are proposed for Reynolds number, 0.01 ≤ Re ≤ 1. The present results show that F x ∝ U 4/5+λ/5 for 1 ≤ Ca < Ca cr and F x ∝ U 1+λ/5 for Ca cr ≤ Ca < 300. Finally, an assessment of the feasibility of experiments is presented and datasets of possible physical systems are provided using the present model. The results presented here may help to design low-drag structures for technical applications as well as may provide insights of locomotion of biological entities at the microscale.
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